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Pion FFs in pQCD
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Pion e.-m. form factor �π(p + q)|Jµ(0)|π(p)� = eFπ(q2)(2p + q)µ

Jµ = euūγµu + edd̄γµd + . . .

� 1

0
dzφπ(z) = fπ = 92.4 MeVPion distribution amplitude

Asymptotic QCD expectation for Q²=-q²≫

Integral should converge - requirement on the form of DA

“Asymptotic” DA

1√
2
�0|d̄(z)γ+γ5[z, 0]u(0)|π+(P )� = iP+

� 1

0
dxeix(z·P )φπ(x)

Chernyak, Zhitnitsky’84 φCZ
π (z) = 30fπz(1− z)(1− 2z)2

φas
π (z) = 6fπz(1− z)

� 1

0
dx

φas
π (x)
x

= 3
� 1

0
dx

φCZ
π (x)

x
= 5

By measuring pion FF - measure pion DA

F as
π (Q2) = 16παs(Q2)

� 1

0
dxdy

φπ(x)φπ(y)
9xyQ2

Chernyak, Zhitnitsky, JETP Lett.’77
Lepage, Brodsky, PLB’79
Efremov, Radyushkin, PLB’80; Th.Math.Ph.’80
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Pion FFs in pQCD
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π⁰-γ transition form factor

Chiral anomaly:

Asymptotic QCD expectation:

Comparison to exp. data

VIII. CONCLUSIONS

We have studied the eþe" ! eþe"!0 reaction in the
single tag mode and measured the differential cross section
ðd"=dQ2Þ and the ##% ! !0 transition form factor FðQ2Þ
for the momentum transfer range from 4 to 40 GeV2. For
the latter, the comparison of our results with previous
measurements [11,12] is shown in Fig. 22. In the Q2 range
from 4 to 9 GeV2 our results are in reasonable agreement
with the measurements by the CLEO collaboration [12],
but have significantly better precision. We also signifi-
cantly extend the Q2 region over which the form factor is
measured.

To effectively describe the Q2 dependence of the form
factor in the range 4–40 GeV2, we fit the function

Q2jFðQ2Þj ¼ A
!

Q2

10 GeV2

"
$

(9)

to our data. The values obtained for the parameters are A ¼
0:182' 0:002 GeV, and $ ¼ 0:25' 0:02. The fit result is
shown in Fig. 22 by the dotted curve. The effective Q2

dependence of the form factor (( 1=Q3=2) differs signifi-
cantly from the leading order pQCD prediction (( 1=Q2)
[see Eq. (2)], demonstrating the importance of higher-order
pQCD and power corrections in theQ2 region under study.

The horizontal dashed line in Fig. 22 indicates the
asymptotic limit Q2FðQ2Þ ¼

ffiffiffi
2

p
f! ) 0:185 GeV for

Q2 ! 1, predicted by pQCD [2]. The measured form
factor exceeds the limit for Q2 > 10 GeV2. This contra-
dicts most models for the pion distribution amplitude (see,
e.g., Ref. [24] and references therein), which give form
factors approaching the asymptotic limit from below.

The comparison of the form-factor data to the predic-
tions of some theoretical models is shown in Fig. 23. The
calculation of [8] was performed by Bakulev, Mikhailov,
and Stefanis using the light-cone sum rule method [4,25] at
next-to-leading order (NLO) pQCD; the power correction
due to the twist-4 contribution [25] was also taken into

account. Their results are shown for the Chernyak-
Zhitnitsky DA (CZ) [26], the asymptotic DA (ASY) [27],
and the DA derived from QCD sum rules with nonlocal
condensates (BMS) [28].
For all three DAs the Q2 dependence is almost flat for

Q2 * 10 GeV2, whereas the data show significant growth
of the form factor between 8 and 20 GeV2. This indicates
that the NLO pQCD approximation with twist-4 power
correction, which has been widely used for the description
of the form-factor measurements by the CLEO collabora-
tion [12], is inadequate for Q2 less than (15 GeV2. In the
Q2 range from 20 to 40 GeV2, uncertainties due to higher-
order pQCD and power corrections are expected to be
relatively small. Here, our data lie above the asymptotic
limit, as does the prediction of the CZ model.
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FIG. 22 (color online). The ##% ! !0 transition form factor
multiplied by Q2. The dashed line indicates the asymptotic limit
for the form factor. The dotted curve shows the interpolation
given by Eq. (9).
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FIG. 23 (color online). The ##% ! !0 transition form factor
multiplied by Q2. The dashed line indicates the asymptotic limit
for the form factor. The solid and dotted lines show the pre-
dictions for the form factor [8] for the CZ [26] and asymptotic
(ASY) [27] models for the pion distribution amplitude, respec-
tively. The shaded band represents the prediction for the BMS
[28] pion DA model.
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052002-15

Asymptotic QCD expectations fail badly: either the asymptotic regime sets in very late 
or an important mechanism is missing (non-perturbative effects, k-perp dependence etc.)

�π0(p�)γ(λ, p)|Jµ|0� = ie2�µναβ�∗ν(λ)p�αpβFπγ(s)

Fπγ(0) ≈ 1
4π2fπ

Q2Fπγ(Q2 →∞) =
2

Nc

� 1

0
dz

φπ(z)
z

= 2fπ
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JLab'08; Cornell'78
Asymptotic pQCD
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Pion FFs in pQCD

Mikhail Gorshteyn - DIS2011, April 11-15, 2011, Newport News, Virginia, USA

Much theoretical work is dedicated to understanding pion form factors

QCD Sum Rules

Flat DA + regularization of quark propagator

Common feature of models that describe BaBar data: 
account for “soft” mechanisms (beyond leading twist) - corrections turn out to be very large!

A.V. Radyushkin, PRD’09;
M.V. Polyakov, JETP Lett.’09

Hadronic models (VDM, DR etc.)

BSE approach: flat pion DA ruled out

Flat DA arise in NJL and chiral quark models Arriola, Broniowsky, PRD’02, ’03

Bakulev, Radyushkin, PLB’91;
Radyushkin, Acta Phys.Pol.’95;
Bakulev, Pimikov, Stefanis, PRD’09

Arriola, Broniowsky, PRD’10;
Belicka et al, PRC’11

H.L.L. Roberts et al, PRC’10
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Reggeization in QCD
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Reggeization of gluons and quarks in QCD
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QCD scattering amplitudes: Multi-Regge kinematics

Scattering amplitudes in Regge kinematics s→∞ t ∼ const.

π, N, . . .

π, N, . . .

fMJ (s, t) ∼ sJ

t−m2
→ fR(s, t) = (s/s0)αM (t)

αM (t) ≈ αM (0) + α�t

αM (M2
J) = J

Regge trajectory

Forward scattering (total cross sections)
Summing up radiative corrections - BFKL Pomeron

pA

pB pB�

pA�

fA�B�;AB ∼ ū(p�
A)ΓAA�u(pA)ū(p�

B)ΓBB�u(pB)
1
t
∼ s

t

→ ū(p�
A)ΓAA�(t)u(pA)ū(p�

B)ΓBB�(t)u(pB)(s/s0)αP (t)

The Classical Pomeron

Chew-Frautschi Plot

0 2 4 6 8
0

2

4

6

Continue to negative t

A ∼ !ac(t)!bd(t)s!R(t)

(Factorisation)
We can think of Regge exchange as the superposition of the exchange of
many particles.

Regge Theory University of Southampton

Fadin, Kuraev, Lipatov, PLB’75;
Lipatov, Yad. Fiz. ’76;
Kuraev, Lipatov, Fadin, JETP’76, ’77;
Balitsky, Lipatov, Yad. Fiz.’78;
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Reggeization of gluons and quarks in QCD
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fGG�;QQ̄(s, t = −q2
⊥) ∼ v̄(pQ̄)ΓQ̄G�

q/ ⊥
t−m2

ΓQGu(pQ) ∼
√

s

t−m2

→ v̄(pQ̄)ΓQ̄G�q/ ⊥ΓQGu(pQ)(s/s0)αq(t)−1/2

Fadin, Sherman, JETP Lett. ’76;
Fadin, Sherman, JETP ’77;
Lipatov, Vyazovsky, NPB ’01;
Fadin, Fiore, PRD ’01;
Kotsky et al, NPB ’03;
Bogdan et al, JHEP ’02;
Bogdan, Fadin, Yad. Fiz. ’05;
Bogdan, Fadin, NPB ’06

Pomeron ∼ compound state of two reggeized gluons;
Reggeons ∼ colorless states of reggeized quark and antiquark
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Phenomenology of reggeized quark exchanges:
Meson Regge trajectories
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Phenomenology of reggeized quark exchanges
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Postulate: similar asymptotic behavior for qq -> hadrons, gamma’s etc.
_

αq(t) = αq(0) + α�
qt

ξ±α(t) =
1± e−iπα(t)

sin(πα(t))
πα�

Γ(α(t) + 1)

The main object of interest: quark trajectory

The standard Regge pre-factor

Careful: complex phase would require “colored resonances” in the crossed channel qπ->qπ - unphysical

q/

q2
→ P±q,R = ξ±

αq(q2)− 1
2

�
s

s0

�αq(q2)− 1
2

q/

fqq̄→ππ(s, t) = β2
qqπ v̄(p2)Γqqπ(p2, pπ2)

(p/ 1 − p/ π1
)

t−m2
Γqqπ(p1, pπ1)u(p1)

→ β̃2
qqπ(t) v̄(p2)Γqqπ(p2, pπ2)P±q,R(s, t)Γqqπ(p1, pπ1)u(p1)

PR(s, t) = πα�
q

�
s

s0

�αq(t)− 1
2

q/

To avoid any redundant parameters: simple ansatz
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Phenomenology of reggeized quark exchanges
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The parameters of the Regge quark exchange:

Employ phenomenology: identify meson Regge exchanges with reggeized quark-antiquark exchanges

αq(t) = αq(0) + α�
qt β̃qq̄π(t) ∼ β̃qq̄π × ebπt

β̃qqπ =
βπ

2fπ

β̃qqK =
βK

2fK

b̃ππ = bππ + α�
q ln(s/s0)

Compare to the well-known trajectories ρ, f2, K∗, φ

2αu(0)− 1 ≈ αρ(0) ≈ αf2(0) ≈ 0.5
αu(0) + αs(0)− 1 ≈ αK∗(0) ≈ 0.3

2αs(0)− 1 ≈ αφ(0) ≈ 0.1
α�

q ≈ (1/2)α�
ρ ≈ 0.45 GeV−2

αu(0) = αd(0) ≈ 0.75
αs(0) ≈ 0.55
α�

u,d,s ≈ α�
ρ/2 ≈ 0.45 GeV−2

u,d quarks reggeize strongly
s quark reggeizes very mildly

ImTππ→ππ(s + i�, t) =
3Ncβ4

ππα�q
2

1024f4
π b̃4

ππ

�
s

s0

�2αu(0)−1

e
2
3 b̃ππt

ImTππ→KK̄(s + i�, t) =
3Ncβ2

πβ2
Kπα�q

2

1024f2
πf2

K b̃4
πK

�
s

s0

�αu(0)+αs(0)−1

e
2
3 b̃πKt
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Application to triangle diagrams:
pion form factors with unitarity and 

Regge asymptotics
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Pion transition FF with unitarity and Regge
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Unitarity in the timelike region:

Quark-hadron duality:

Hadronic contributions: pure VDM (ω=3π) and VDM + rescattering (ρ=2π)

sFγ∗π0γ(s→∞) ∼
� s

1GeV 2

�αρ(0)
2 ≈

� s

1GeV 2

�0.25

compares well to BaBar

Energy dependence is fixed by the asymptotics of ππ scattering 

ReFπγ(s) =
1
π

�

sth

ds� ImFπγ(s�)
s� − s

Dispersion representation:

Truong, PRD ’02
Holstein, PRD ’96

�

X �=2π,3π

t∗X,πγρXFX ≈
�

dΩqt
∗
qq̄,πγρqFqθ(s− µ2)

Imqq̄Fγ∗π0γ(s + i�) = −
Nc(e2

u − e2
d)βππ2α�

q

2s0

�
s

s0

�αq(0)− 3
2

� 0

−s
dt2e

b̃ππt2t2

=
(4πfπ)2

3βπ
√

πs0

�
ImTππ(s + i�, t = 0)

�
s

s0

�−1

≈ 0.25GeV 2

s0βπ

�
s

s0

�αρ(0)
2 −1

ImFπγ = t∗2π,πγρ2πFπ + t∗3π,πγρ3πF3π +
�

X �=2π,3π

t∗X,πγρXFX
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Pion e-m FF with unitarity and Regge
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N(s) =
�

X �=2π

1
π

�

si

ds�
D(s�)Re

�
t∗X,2π(s�)ρX(s�)FX(s�)

�

[1− it∗2π,2π(s�)ρ2π(s�)](s� − s)

D(s) = exp
�
− s

π

�

sth

ds�
φ(s�)

(s� − s)s�

�
tanφ =

Ret2π,2πρ2π

(1− Imt2π.2πρ2π)

�

X �=2π,KK̄

t∗X,ππρXFX ≈
�

dΩqt
∗
qq̄,ππρqFqθ(s− µ2)

ππ, KK̄

ReFπ(s) = 1 +
s

π

�

sthr

ds�

s�
ImFπ(s�)

s� − s
Dispersion representation:

Unitarity in the timelike region:

Hadronic contributions: N/D approach

Quark-hadron duality:

ImFπ(s + i�) =
Nc(eu − ed)β2

ππα�
q

16πf2
πs0

�
s

s0

�αq(0)− 3
2

� 0

−s
dt2e

b̃ππt2t22

=
4

√
πs0b̃ππ

�
ImTππ(s + i�, t = 0)

�
s

s0

�−1

=
0.63

1 + 0.125 ln(s/s0)

�
s

s0

�αρ(0)
2 −1

sFπ(s→∞) ∼ 1
ln(s/s0)

� s

1GeV 2

�0.25
We predict the asymptotic behavior

ImFπ = t∗2π,2πρ2πFπ + t∗KK̄,2πρ2KFK +
�

X �=2π,KK̄

t∗X,2πρXFX

Fπ(s) = N(s)/D(s)
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Result for the pion form factors
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Result for the pion transition FF
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Two free parameters: 

-40 -30 -20 -10 s [GeV2]

0.1

0.15

0.2

0.25

0.3

-s
 F
γπ

(s
) [

G
eV

]
BaBar
CLEO
µ

2
 = 1 GeV2

µ
2
 = 5 GeV2

µ
2
 = 10 GeV2

qq (µ2
 = 5 GeV2)

_

βπ, µ2

Good fit; even at largest s half of the FF is due to VDM
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Combined description of pion FFs
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Overall: good agreement between the e-m and transition FF data (where they overlap)

-30 -20 -10 0s [GeV2]

0.01

1

100
|F

2π
(s

)|2
e.m.
transition
µ

2
 = 1 GeV2

µ
2
 = 10 GeV2

e.-m. and transition FFs on top of each other (both normalized to unity at s=0)
Asymptotic part: parameters from the transition FF fit
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Summary
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Dispersion analysis of pion form factors:
• Fully unitarized description of hadronic channels

• Employed Regge asymptotics due to colored (quark) Regge exchanges

• Parameters of quark-Regge trajectories: deduced from meson Regge trajectories 

• Hadronic contribution (VDM + rescattering): at least as important as 
the asymptotic part even at largest s

• Asymptotic part: compatible with BaBar results

• Predict pion e.-m. FF to follow similar asymptotics as the pion transition FF

• More work underway


